Introduction
Delayed immune reconstitution increases the risks of opportunistic infection after hematopoietic cell transplant (HCT). 1 Recovery of T cell immunity after HCT proceeds through thymus-dependent, de novo generation of T cells and through thymusindependent peripheral expansion of mature T cells present in the stem cell graft. 2, 3 Although peripheral expansion of mature T cells is an important source for initial T cell recovery after HCT, this pathway produces a limited T cell receptor repertoire and is associated with graft-versus-host disease. 2 Full recovery of T cell immune function relies on generation of sufficient numbers of T cells with a diversified repertoire of T cell receptors, which occurs only after repopulation by thymus-derived T cells. 4, 5 Regeneration of CD4 + cells appears to be exclusively thymus-dependent, whereas regeneration of CD8 + cells occurs through thymus-dependent and thymus-independent pathways. 6, 7 De novo generation of donor stem cell-derived T cells, in particular CD4 + T cells, is an extremely slow process, and prolonged lymphoid deficiency is directly correlated with increased risk of infection. 8 Thus, strategies to hasten immune recovery are needed to decrease the mortality and morbidity associated with HCT.
The rate of immune reconstitution correlates positively with the number of infused hematopoietic stem cells (HSC). [9] [10] [11] Furthermore, results of previous studies have suggested that transplantation of a more differentiated progenitor cell can hasten T cell reconstitution. 12 Lymphoid-committed progenitors regenerate the T cell compartment faster than non-committed HSC, suggesting that transplantation of donor lymphoidcommitted progenitors can accelerate the de novo generation of donor T cells after HCT. [13] [14] [15] [16] [17] [18] [19] Alternatively, seeding of the thymus by primitive lin -Sca-1 + c-kit + (LSK) cells may play a key role. 20 A means to increase the number of progenitors that preferentially commit to the T cell lineage could have profound effects on the rate of T cell reconstitution.
In efforts to hasten thymic repopulation, ex-vivo systems have been used to generate thymic progenitors from hematopoietic precursors, but these efforts have met with only
For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From modest success. [21] [22] [23] Our laboratory and others have demonstrated that co-culture of hematopoietic precursor cells with a Notch ligand may provide a means of generating a multi-log increase in the number of T cell precursors. [24] [25] [26] [27] [28] A role for Notch signaling in T cell commitment and early thymocyte development is well defined. Notch1 is essential for T cell lineage commitment, and inhibition of Notch1 blocks differentiation of double negative (DN) thymoctyes at the DN1 to DN2
transition. 29 
Materials and Methods

Generation and immobilization of Delta1 ext-IgG
Delta1
ext-IgG was prepared as described. 36 Briefly, Delta1 ext-IgG was purified from conditioned medium generated by NSO myeloma cells electroporated with constructs expressing the ligand. Purified human IgG 1 was purchased from Sigma (St. Louis, MO).
Ligand was immobilized on the plastic surface of the culture wells as described 34 .
Briefly, culture wells were incubated with control human IgG antibody (10 µg/ml) in 
Immunofluorescence studies
Immunofluorescence analysis was performed using a LSR cytometer (Becton Dickinson, Mountain View, CA) as described. 
Cell isolation
Bone marrow (BM) was obtained from C57BL/6 (Ly5.2) mice (8-10 weeks of age) from
The Jackson Laboratory (Bar Harbor, ME). LSK cells from BM were enriched by flow 
Quantitation of lymphocytes
Heparinized blood (50µL) was processed in the Sysmex XT2000i, a quantitative automated hematology analyzer for in vitro diagnostic use in determining blood cell parameters. Samples were evaluated in the reticulated mode using flow cytometry with a semiconductor laser exploiting the differences in cell size, complexity and RNA/DNA content. Absolute white blood count was calculated automatically by the XT2000i.
Limiting Dilution Analysis (LDA)
For LDA, non-cultured LSK cells in limiting doses of 10, 50, 100, 500 and 1000 cells were injected into lethally irradiated congenic mice and 500, 1x10 3 
Results
Generation of T cell precursor on Delta1 ext-IgG
Previously we showed that LSK cells cultured with increasing densities of immobilized We found that LSK cells cultured with the highest density of Delta1 ext-IgG (10 µg/ml) contained the greatest numbers of early Sca-1 + c-kit + progenitors and DN2 early T cell precursors and had the highest in-vivo T cell reconstitution potential (data not shown).
Based on these results, plates coated with Delta1 ext-IgG at 10 µg/ml were used for all subsequent experiments.
Accelerated T cell reconstitution by Delta1 ext-IgG -cultured LSK cells compared to noncultured LSK cells.
To determine whether Delta1 (Fig. 4) . Based on the precursor frequency estimates, we determined that the number of progenitors with T cell reconstitution potential in 1x10 3 LSK cells was 1.3; after culture with Delta1 ext-IgG , the number of progenitors with T cell reconstitution potential in the 1x10 11 expanded product was 3.7x10 5 , representing a 3x10 5 -fold increase (Table 2) .
Thus, the increase in the number of T cell progenitors generated by culturing with Because residual host T cells persist in the T cell compartment even after lethal irradiation of C57BL/6 recipients, 38 we investigated the kinetics of T reconstitution in lymphoid cell-deficient recipients where competing effects of host T cells are not present.
Since T cells were derived only from transplanted Ly5.1 BM or Ly5. 
Identification of populations capable of thymic reconstitution.
Recently, LSK cells have been identified as circulating progenitors with T lineage potential, and these cells may represent the principal circulating progenitors with T lineage potential. 20 Thus, we tested the T cell reconstituting potential of the cultured ) into lethally irradiated Ly5.1-congenic C57BL/6 mice.
At 3 and 5 weeks after HCT, both fractions were able to reconstitute T cells with no significant difference between the two groups (Fig. 6B) . The data shows that T cells generated from the population enriched for Sca-1 + c-kit + cells were able to maintain the number of CD3 + cells in the peripheral blood up to 7 weeks whereas the population of cells depleted of Sca-1 + c-kit + declined 5 weeks after HCT.
Evaluation of the Sca-1 + c-kit + population in our cultures showed that most (98%) of these cells expressed the lymphoid-associated antigens B220, IL7Rα, CD25 and/or Thy1 ( The rate-limiting step for initial T cell reconstitution after HCT could be either the number of thymic progenitors produced by the BM early after HCT or the number of thymic progenitors in the graft. [9] [10] [11] In a murine model, Uchida et al 10 showed that the most rapid engraftment was observed with a dose of at least 5,000 syngeneic purified HSCs. Similarly, Chen et al 11 demonstrated that the rate of T cell recovery during the first 7 weeks after HCT depended on the dose of HSCs infused. After 8 weeks, the dosedependent effect of T cell reconstitution was not observed. Furthermore, despite injection of 5,000 purified HSCs, significant numbers of donor-derived T cells were not detected in the blood until 4 weeks after HCT. These findings suggest that higher doses of HSCs may accelerate T cell reconstitution, but there may be an upper limit for this effect. 10, 11 Alternatively, the limitation could be the capacity of the thymus to accept progenitors. 39, 40 However, our study clearly demonstrates that increasing the number of For We found that both Sca-1 + c-kit + -enriched and depleted populations of cultured cells were capable of T cell reconstitution. There is growing evidence that many discrete BM progenitors have the potential to become T cells, 12, 16, 19, 20, 45 but the identity of cells that normally seed the thymus remains elusive. Our data are consistent with findings that multiple progenitors retain potential for T cell development. We found that transplantation of the Sca-1 + c-kit + -enriched population maintained higher levels of T cells up to 7 weeks than the Sca-1 + c-kit + -depleted population, suggesting that the Sca-1 + c-kit + population had the potential for more sustained T cell production. It has been reported that primitive LSK cells can sustain T cell production after intravenous injection, whereas more committed progenitors cannot sustain T cell production. 17, 18 Furthermore, BM LSK cells have a potential for 1,000,000-fold population expansion after intrathymic injections, whereas more committed progenitors are capable of 100,000-fold population expansion. 18, 32, 46, 43 These data suggest that the Sca-1 + c-kit + population contained a more primitive precursor compared to the other subsets in our cultures. 
Most of the cultured
